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Abstract 
Presently most of the failures encountered by machines are due to material fatigue. Therefore crack detection and localization is 
the main topic of discussion for various researchers across the globe. The dynamic behaviour of a whole structure is affected due 
to the presence of a crack as the stiffness of that structural element is altered. The cracks in the structure change the frequencies, 
amplitudes of free vibration and dynamic stability areas to an inevitable extent. In this work the effect of an open crack on the 
modal parameters of the cantilever shaft subjected to free vibration is analyzed. The results obtained from the experimental 
approach have been verified with the results obtained from finite element analysis using ANSIS 13. 
A methodology has been developed to predict fatigue crack propagation life of mild steel shaft. It has been assessed by adopting 
Adaptive Neuro-fuzzy Inference System (ANFIS), a novel soft-computing approach, suitable for non-linear, noisy and complex 
problems like fatigue. The proposed hybrid neuro-fuzzy system combines the learning capabilities of neural networks with fuzzy 
inference system for nonlinear function approximation. A single-output Sugeno-type Fuzzy Inference System (FIS) using grid 
partitioning has been modelled in this work. After comparing the output, it has been found that the proposed model has proved its 
efficiency quite satisfactorily. 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of ICOVP 2015. 
Keywords: Shaft; Natural Frequency; ANFIS; Crack Location; Crack Depth. 
1. Introduction  
The use of high strength materials is common in aircrafts, ships and offshore structures which are sensitive to flaws 
and defects. Those tiny flaws or imperfections are present to some extent during manufacturing as fabrication defects 
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or material defects (in the form of inclusions or second phase particles) or localized damage in service. They eventually 
coalesce and develop into larger cracks and subsequently grow to a critical size leading to catastrophic failure of the 
structure. The structural components are often designed for some degree of damage tolerance to ensure survival in the 
presence of growing cracks. The basic need of damage tolerance design philosophy is to establish a timely inspection 
schedule so as to give the inspector the ample opportunities to detect a growing crack. It helps in recommending the 
repair or replacement of the affected component in order to prevent failure, injury or loss of life and thus reduce any 
associated financial loss. These all need a reliable life prediction methodology. 
In different engineering systems (e.g. steel structures, industrial machinery) shafts are commonly used as structural 
members and are subjected to static and dynamic loads. Typical examples where this type of load interaction occurs 
are airplane flying under gust spectrum, ships and offshore structures coming under high loads for a certain periods, 
etc. Due to the loading and environment effect they may experience cracks, which drastically reduce the life cycle of 
the structural system. The cracks present in the system may be considered to develop the analytical model to study the 
effect of cracks on the modal response of the system [1, 2]. The damage in the shaft member introduces the stiffness, 
which can be used along with the prevailing boundary conditions to formulate the vibration characteristic equation to 
obtain the mode shape, natural frequency of vibration, crack parameters such as relative crack depths and relative 
crack positions [4]. Chenget et al [4] investigated effect of the crack location and size, rotation speed and hub radius 
on vibration characteristics of a cracked rotating tapered beam and analyzed by the spatial wavelet transform based 
approach to detect the crack location. Han and Chu [6] proved that the open crack seems to have greater influences 
upon the asymmetric rotor system. Karaagac et al [7] investigated the effects of crack ratio and crack positions on the 
fundamental frequencies and the critical (the lowest) buckling loads of cracked cantilever beams numerically and 
experimentally. They stated that for small crack ratio, the reduction in fundamental frequency and buckling loads are 
small, becoming progressively greater at larger crack ratios. The higher drops in fundamental frequency and buckling 
loads are observed when the crack locates near the clamped end.  
Chenget et al [4] formulated p-FEM for vibration analysis of cracked rotating tapered beams. Gunda et al [5] 
proposed that the boundary conditions considered are both classical for which the large amplitude free vibration 
behaviour apparently for the first time. The ends of the beam have been treated as immovable axially which leads to 
the Von-Karman type of nonlinearity represented by the homogeneous doffing equation. 
Atternezad et al [2] showed the merit of the new method is indeed blending the pure concept of structural 
mechanics and mathematical techniques to elaborate the finite element method and present a suoer convergent element 
for free vibration analysis. Bannerjee [3] showed that the dynamic stiffness method is used for exact free vibration 
analysis of beams carrying spring mass system. The method is applied with a particular reference to the Wittric-
Williams algorithm. Davey et al. [8] studied the modal analysis and natural frequencies of fractal structures such as 
rods and beam. They constructed beams and rods taking composite material for testing purpose. The verification of 
parameter for composite beams and rods satisfy the initial condition of kinetic and strain energy within the fractal 
displacement. 
Kohan et al [9] presented a general algorithm, based in the variational Raleigh-Ritz method, for the analysis of 
thick beams with various complicating effects. Paul. They validated that the general algorithm compares the natural 
frequencies calculated with exact and approximated results. Mohebpour et al [10] investigated a dynamic analysis of 
the laminated composite plates transverse by a moving oscillator. They observed finite element method based on the 
first order shear deformation where the stiffness, mass and force coefficient are defined for a= 1, 2,..., 5. Yu et al [11] 
presented an analytical evaluation on free vibration of naturally curved and twisted beams with uniform cross-sectional 
shapes. 
With the recent advances in the field of soft-computing technology, crack propagation life is now being simulated 
with the existing experimental data so as to avoid more difficult, time-consuming and costly fatigue tests. Out of 
different soft-computing methods such as artificial neural network (ANN), genetic algorithm (GA), fuzzy-logic, and 
adaptive neuro-fuzzy inference system (ANFIS), ANFIS is one of the recent developed methods to handle fatigue 
problems successfully [12, 13, 14, 17]. Although ANN has been frequently used by several researchers in modelling 
and analyzing different types of fatigue problems during last 10 years, the application of other soft-computing 
techniques are quite rare. As far as the application of adaptive neuro-fuzzy inference system (ANFIS) in the field of 
fatigue is concerned, very limited work has been reported in literature. Damage in a cracked structure has been 
dissected using genetic algorithm technique by Taghi et al [15]. They presented a cantilever beam to determine the 
natural frequency through numerical method. To monitor the possible changes they utilized genetic algorithm. Zheng 
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et al [16] have presented a method based on finite element analysis for detection of cracked structural. The results 
obtained from the proposed method are validated using experimental analysis. 
Hossain et al [14] have presented an investigation into the comparative performance of intelligent system like 
genetic algorithms (GA) and adaptive neuro-fuzzy inference system (ANFIS) algorithms for identification of fault in 
an active vibration control (AVC) system. A comparative performance of the method is presented and discussed 
through a set of experimental resulted. Saeed et al [17] has presented single Artificial Neural Network (ANN) and 
multiple adaptive neuro fuzzy interface system (ANFIS) for crack diagnosis in the curvilinear beams using changes 
in vibration parameter. They have found that the multiple ANN and the multiple ANFIS prediction errors is less than 
the single ANN. Zhang et al [18] experimented on high-strength concrete (HSC) for predicting results between loading 
rate and propagation of crack velocity. They conducted the whole experiment in a servo hydraulic machine mounted 
with strain gauge at different loading condition. Both ANN and fuzzy-logic techniques have their own advantages and 
disadvantages. However, ANFIS combines the advantages of both the techniques without having any of their 
disadvantages. 
In this work, a cantilever shaft with uniform cross section has been considered, which act as a structural member 
in various engineering applications. The dynamic responses of the cantilever shaft have been measured in the 
undamaged state, which act as references. Afterwards, multiple damages have been induced and sequential modal 
identification analysis has been performed at each damaged stage, aiming at finding adequate correspondence between 
the dynamic behaviour and the presence of cracks in the structure. The model is validated using analysis software 
ANSYS. A novel life prediction model was developed using ANFIS. The model results have been compared with the 
results of experiment and finite element analysis.  
2. Experimental Analysis 
The experimental analysis has been carried out to measure the natural frequencies and mode shapes of the cracked 
Shaft structure. The experimental set up has been shown in Fig. 1(a). Experiments have been performed using the 
developed experimental set up (Fig. 1) for measuring the dynamic response (natural frequencies and amplitude of 
vibration) of the cantilever shaft .The cracked and un-cracked shafts have been vibrated at their 1st, 2nd and 3rd mode 
of vibration by using an exciter and a function generator. The vibrations characteristics of the shafts correspond to 1st, 
2nd and 3rd mode of vibration have been recorded by placing the accelerometer along the length of the shafts.  
   
                                     (a)                                                                                       (b)  
Fig. 1. (a) Experimental setup and (b) Schematic diagram of the experimental setup. 
 
2.1 Experimental Procedures and its Architecture 
331 Sandeep Das et al. /  Procedia Engineering  144 ( 2016 )  328 – 335 
Experimental analysis is done by measuring the dynamic response of the un-cracked and cracked mild steel shaft 
specimen. The cracks at various locations with different depths in the shafts were introduced by Electro discharge 
machine perpendicular to the longitudinal axis of the shaft. The test specimen made from mild steel is of 1000 mm 
length and has a diameter of 10 mm. The cantilever was excited at first three modes of vibration, and the corresponding 
natural frequencies and mode shapes were recorded by the hard ware support Finally, the analysis of the vibration 
parameters from the intact and cracked shafts were done by the NV gate Environment Software. The cracked shafts 
with different crack depths and crack locations have been tested to obtain the mode shape and natural frequency. Table 
1 show the result obtained from experimental analysis of different cantilever shaft at different locations and depths. 
Table 1. Modal frequencies of un-cracked and cracked shaft obtained from experiment. 
Location of crack in mm 
(L1) 
Depth in mm 
(d1) 
Modal frequency of un-cracked shaft (Hz) Frequency of cracked shaft (Hz) 
f1 f2 f3 f1 f2 f3 
50 1 24.78 155.25 434.51 24.77 155.20 434.34 
150 1 24.78 155.25 434.51 24.77 155.21 434.39 
250 1 24.78 155.25 434.51 24.78 155.22 434.35 
350 1 24.78 155.25 434.51 24.77 155.19 434.29 
450 1 24.78 155.25 434.51 24.78 155.17 434.39 
550 1 24.78 155.25 434.51 24.78 155.17 434.37 
650 1 24.78 155.25 434.51 24.78 155.17 434.26 
750 1 24.78 155.25 434.51 24.78 155.21 434.30 
850 1 24.78 155.25 434.51 24.78 155.23 434.39 
950 1 24.78 155.25 434.51 24.78 155.23 434.42 
3. FEM Analysis 
3.1. Modeling of shaft 
To define or access material models for use in analysis system, engineering data cell is used. The material 
properties are listed in table 2. In the design modeller the cantilever shaft of diameter of 10 mm and length of 1000 
mm is drawn and a transverse crack of width 0.5 mm and depth of 1 mm is cut at different location. Figure 3 (a) shows 
the model of the cantilever shaft. Tetrahedral elements of identical size and shape were employed for meshing. Figure 
3 (b) shows the meshing of the cantilever shaft. In the analysis modal parameters like natural frequencies and mode 
shapes are obtained. The natural frequencies obtained in the cantilever shaft in un-crack and crack condition are 
illustrated in table 3. The mode shape difference between the experimental and FEM analysis are given in Fig. 4 and 
5. 
Table 2. Material properties of shaft. 
 Density (Kg/m3) Young's Modulus (Pa) Poisson's Ratio Bulk Modulus (Pa) Shear Modulus (Pa) 
Structural steel 7850 2.00E+11 0.3 1.67E+11 7.69E+10 
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                                    (a)                                                                                (b) 
Fig. 3.  (a) Modeling of shaft in ANSYS and (b) Meshing of the cantilever shaft. 
Table 3. Modal frequencies of un-cracked and cracked shaft obtained from analysis using ANSYS. 
Location in mm 
(L1) 
Depth in mm 
(d1) 
Frequency of un-cracked shaft (Hz) Frequency of cracked shaft (Hz) 
f1 f2 f3 f1 f2 f3 
50 1 22.947 143.75 402.32 22.938 143.7 402.17 
150 1 22.947 143.75 402.32 22.934 143.71 402.21 
250 1 22.947 143.75 402.32 22.94 143.72 402.18 
350 1 22.947 143.75 402.32 22.939 143.69 402.12 
450 1 22.947 143.75 402.32 22.941 143.68 402.21 
550 1 22.947 143.75 402.32 22.942 143.68 402.19 
650 1 22.947 143.75 402.32 22.942 143.68 402.09 
750 1 22.947 143.75 402.32 22.942 143.71 402.13 
850 1 22.947 143.75 402.32 22.943 143.73 402.21 
950 1 22.947 143.75 402.32 22.941 143.73 402.24 
 
    
                         (a)                                                        (b)                                                     (c)                                          
Fig. 4. Comparison of mode shapes of un-cracked cantilever shaft ((a) First mode, (b) Second mode and (c) Third mode). 
   
                         (a)                                                        (b)                                                    (c)                                           
Fig. 5. Comparison of mode shapes of cracked cantilever shaft ((a) First mode, (b) Second mode and (c) Third mode). 
4. Adaptive Neuro-Fuzzy Inference System (ANFIS) 
Adaptive network based fuzzy inference system (ANFIS) is a cross between an artificial neural network (ANN) 
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and a fuzzy inference system (FIS). It is a powerful universal approximator that removes the requirement for manual 
optimization of the fuzzy system by automatically tuning the system parameters using neural network technique. It 
combines advantages of both ANN and FIS, thereby improving the system performances without operator intervention. 
With a given input/output data set, this integrated neuro-fuzzy system constructs a fuzzy inference system whose 
membership function parameters are tuned (adjusted) using either a back-propagation algorithm alone, or in 
combination with least- squares estimator.  
4.1. Structure of ANFIS 
The illustration of ANFIS structure used in the present work is given in figure 6 which is a first-order Takagi–
Sugeno type. The network calculates the system’s output for given input data set through fuzzy if-then rules. The 
optimal model parameters are determined by both back-propagation and hybrid-learning algorithms.  
 
 
Fig. 6. Structure of ANFIS. 
4.2. Design of ANFIS Model for Prediction of Crack 
The most fundamental principle of ANFIS is that the input/output data must be normalized (pre-processing) before 
applying the model to obtain optimum results. Here the natural frequencies obtained in three modes were taken as the 
input variables where as crack location was taken as output variable for the proposed model. Out of the ten sets of 
data three sets were considered as test data and the other data sets were considered as Train data. 
4.3. Result Analysis 
In order to implement the ANFIS model (Figure 6) in the present work, a computer program was performed under 
MATLAB environment using the Fuzzy Logic Toolbox. The numbers of membership functions (MF) were chosen to 
be 5 × 5 × 5. The 5 × 5 × 5 = 125 fuzzy ‘if then’ rules were constituted in which fuzzy variables were connected by 
T-norm (fuzzy AND) operators. The adjustment of premise and consequent parameters was made in batch mode based 
on the hybrid-learning algorithm. The model was trained for 4000 epochs until the given tolerance was achieved. 
Table 4 summarizes all the characteristics of ANFIS network used. The performance of the model is verified and 
presented in the table 4. Based on the modal frequency data, the trained ANFIS model is tested for the validation sets 
and the predicted crack location and crack depth are compared with the experimental data. The results obtained from 
experiment and ANFIS model are found to be close. 
Figure 7 shows the residual plot for the crack location. Residuals are the difference between the predicted output 
from the ANFIS model and the actual values of crack location. If the points in the residual plot are randomly dispersed 
around the horizontal axis, the prediction model is considered to be appropriate for the data i.e. there is no drift in the 
data. In this section the residual plots are obtained for training and testing data of crack location. It depicts the 
distribution of residuals of crack locations are in positive axis of the plot. The residuals lie between 0.0001 to 0.0012 
and distributed over the positive side of the mean line. It indicates that the prediction model is well suited for the 
study.   
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Table 4. Modal frequencies, crack location and crack depth obtained from ANFIS model. 
 
 
 
 
 
 
 
 
 
Fig. 7. The residual plot for the crack location. 
5. Conclusions 
In the current investigation, identification and quantification of cracks present in structural members from the 
measured dynamic response has been addressed. In the quest, to design and develop a multiple crack diagnostic tool 
a vibrating structural member with multiple transverse cracks has been considered. During the analysis, analytical 
method, finite element method and experimental method have been adopted to simulate the actual working condition. 
The measured natural frequencies and mode shapes at different modes of vibration, which are known as sensitive 
structural integrity indicators have been used to develop inverse methodologies based AI technique known as Adaptive 
Neuro-Fuzzy Inference System (ANFIS) technique for prediction of relative crack locations and relative crack depths. 
Experimental and finite element analyses have been presented to identify characteristics (modal frequencies, mode 
shapes) of the system response that is directly attributed to the presence of transverse cracks. The crack depths have 
substantial effect on the mode shapes of the vibrating structures even with the presence of small crack depths. So, it 
can be concluded that the cracks can be efficiently identified with their locations and severities if change in frequency 
response and change in mode shapes both are taken into account. 
From the analysis of results, it has been found that, the proposed fuzzy inverse technique predicts the relative crack 
locations and their severities faster and more accurately than the theoretical and finite element analysis. Experimental 
data have also been used to check the authenticity of the results from the fuzzy models. From the analysis of the results 
of the fuzzy model for relative crack depths and relative crack locations, it is observed that the fuzzy model with 
Modal frequency (Hz) Crack location obtained from 
ANFIS (mm) 
Crack depth obtained from 
ANFIS (mm) Mode I Mode II Mode III 
22.938 143.7 402.17 49.9999 1 
22.934 143.71 402.21 149.9997 1 
22.94 143.72 402.18 249.9995 1 
22.939 143.69 402.12 349.9992 1 
22.941 143.68 402.21 449.9992 1 
22.942 143.68 402.19 549.9989 1 
22.942 143.68 402.09 649.9988 1 
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Gaussian membership function yields better results than the fuzzy model with triangular membership function and 
fuzzy model with trapezoidal membership function. Hence, the fuzzy Gaussian model was found to be most suitable 
to diagnose cracks in online mode for cracked vibrating engineering applications. The developed crack diagnostic 
intelligent system can be utilized for online condition monitoring of turbine shafts, cantilever type bridges, cantilever 
type cranes used for mega structures, mechanical structures, beam like structures, marine structures, engineering 
applications, etc. 
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